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-The mammalian heart has long been considered to be a postmitotic organ. It was thought that, in the postnatal period, the heart underwent a transition from hyperplasic growth (more cells) to hypertrophic growth (larger cells) due to the conversion of cardiomyocytes from a proliferative state to one of terminal differentiation. This hypothesis was gradually disproven, as data were published showing that the myocardium is a more dynamic tissue in which cardiomyocyte karyokinesis and cytokinesis produce new cells, leading to the hyperplasic regeneration of some of the muscle mass lost in various pathological processes. microRNAs have been shown to be critical regulators of cardiomyocyte differentiation and proliferation and may offer the novel opportunity of regenerative hyperplasic therapy. Here we summarize the relevant processes and recent progress regarding the functions of specific microRNAs in cardiac development and regeneration. microRNA; cardiac regeneration; heart failure; myocardial infarction; heart development DESPITE UNDENIABLE PROGRESS in cardiology and cardiac surgery, heart disease remains the leading cause of mortality and morbidity worldwide (80) . Advances in our understanding of the molecular processes occurring in failing cardiomyocytes (CMs) in ischemic heart disease and congestive heart failure have indicated that these two diseases result in comparatively large-scale loss of myocardium. Contrary to the theory of the postmitotic heart, the heart has been shown to maintain the capacity for self-renewal; however, analysis of normal unaffected mature CM proliferation indicated a very low renewal rate (7) . Technical advances, including the meticulous evaluation of cell cycle events, as well as genetic and metabolic fate mapping, have provided new data about adult CM renewal. Studies performed in the neonatal mouse and adult zebrafish suggest that cell cycle activity during normal growth and after injury leads to functional yet nondividing multinucleated CMs, as well as to new mononucleated CMs that maintain their proliferative capacity (53, 93) . These studies also revealed that the majority of regenerated CMs are derived from preexisting CMs through cell division rather than activation of undifferentiated stem or progenitor cells (53, 93) . These data point to the possibility of a novel therapeutic strategy: stimulation of the regenerative capacity of the human heart. This regenerative therapy, if made efficient and safe, has the potential to become the primary option to restore function after significant myocardial damage. Cardiac regeneration research is evaluating two major avenues that may be utilized independently or together: 1) exogenous cell transplantation; and 2) stimulation of endogenous regenerative processes (25, 51, 117) . This review will focus on the role of microRNAs (miRNAs) in regenerative strategies, including CM proliferation, stem cell differentiation, and cell reprogramming. To aid our review of regeneration, we will begin by discussing the basics of miRNAs, cardiac development, and cardiac regeneration.
OVERVIEW AND BIOGENESIS OF miRNA
miRNAs are a class of natural, endogenously expressed, single-stranded, noncoding RNAs. miRNAs are best known as negative regulators of gene expression at the posttranscriptional level, base pairing in a sequence-dependent manner to target protein-coding mRNAs, often at sites contained in the 3=-untranslated region (UTR) (60) . In addition, miRNAs may be sponged up and essentially inactivated by pseudogenes and decoy mRNAs, or they may be targeted to long noncoding RNAs, representing new levels of miRNA regulation and function, as well as important roles of noncoding transcripts that each merit more research (11, 22, 65) . miRNAs are important modulators of all cellular pathways, especially cell fate determination, differentiation, proliferation, programmed cell death, and other processes during embryogenesis and in adult life in species ranging from Caenorhabditis elegans and Drosophila melanogaster to humans (58, 62, 112) .
In addition to roles in normal physiology, over the past years, the involvement of miRNAs in pathological processes of the heart, such as hypertrophy, cardiomyopathy, fibrosis, apoptosis, and cardiac remodeling, has become better appreciated. This research led to the hope that miRNAs may represent new therapeutic targets. We will begin by discussing miRNA in greater detail.
Members of the miRNA family were initially discovered as small transient RNAs that regulate developmental transitions in Caenorhabditis elegans. The linking of the lin-4 and let-7 families, the first described miRNAs, and their target-specific translational inhibition, hinted at a new mechanism of gene regulation during tissue development (98, 119) . It was shown that miRNAs are a group of 21-25 nucleotides in length, single-stranded RNAs expressed in invertebrates and vertebrates animals. The biogenesis of miRNA follows the pathway shown in Fig. 1 and briefly described below.
Transcription of the pri-miRNA
The process of miRNA biogenesis begins when the hairpin primary miRNA (pri-miRNA) is transcribed (with 5= cap and poly-A tail) by RNA polymerase II, either as an independent transcriptional unit, or as portions of introns of protein-coding RNA polymerase II transcripts (63) . Intronic miRNAs are under the regulatory control of response elements of the host gene, and the expression pattern is similar but depends on the miRNA processing machinery. Since miRNA genes are in close proximity to each other in DNA, they could be expressed as a single transcript, if they are present as a single cistron (polycistronic miRNAs), which could be independent or intronic cistrons (99) . Recent reports in the literature suggest that some intronic miRNAs might be transcribed and regulated independently as nested genes within their transcription units (95) . These findings add to existing knowledge toward understanding the complexity of miRNA biogenesis.
Pri-miRNA cleavage
The relatively large pri-miRNA is processed and cleaved in the nucleus by the RNase III type endonuclease Drosha with the help of the double-stranded RNA binding protein DGCR8 (DiGeorge syndrome critical region gene 8) to produce a hairpin precursor miRNA (pre-miRNA) consisting of ϳ70 nucleotides (38) . This complex cuts the pri-miRNA transcript within the nucleus into several pre-miRNAs. Drosha is the catalytic subunit of the pri-miRNA processing microprocessor complex, while DGCR8 stabilizes Drosha and recognizes the RNA substrate. Drosha homologs are found only in animals. Drosha protein is capable of orienting itself on pri-miRNA in Fig. 1 . Illustration of the process of microRNA (miRNA) biogenesis and function, described in OVERVIEW AND BIOGENESIS OF MIRNA. DGCR8, DiGeorge syndrome critical region gene 8; RISC, RNA-induced silencing complex; pri-miRNA, primary miRNA; UTR, untranslated region. a way that each RNase III domain is positioned on the correct strand. It was shown that the Drosha RNase III domains and the middle region may recognize the terminal loop or the bottom single-strand RNA region of pri-miRNA. Alternatively, DGCR8 may help Drosha to be correctly positioned on pri-miRNA (61) . The two RNase domains of Drosha cleave the 5= and 3= arms of the pri-miRNA hairpin, whereas DGCR8 directly and stably interacts with the pri-miRNA and functions as a molecular ruler to determine the precise cleavage site (38) .
Export of the pre-miRNA
After cleavage, the pre-miRNA is transported to the cytoplasm via exportin-5 in complex with Ran-GTP. Exportin-5 also protects pre-miRNAs against nuclear digestion. A defined length of the double-stranded stem and the 3= overhangs are important for successful binding to exportin-5, ensuring the export of only correctly processed pre-miRNAs (55) .
miRNA maturation in the cytoplasm
Following export, the RNase III type endonuclease Dicer generates a ϳ22-bp double-stranded miRNA duplex. One strand of the duplex is selected to function as a mature miRNA and is incorporated into the RNA-induced silencing complex (RISC), while the other strand is degraded (33) . RISC, a ribonucleoprotein complex, is the cytoplasmic effector of the miRNA pathway and contains a single-stranded miRNA guiding it to its target mRNAs. Cytoplasmic miRNA processing is mediated by the RISC loading complex (33) . The RISC loading complex is a multiprotein complex composed of the RNase Dicer, the double-stranded RNA-binding domain proteins Tar RNA binding protein and protein activator of PKR, and the core component Argonaute-2 (Ago2). Ago2 proteins participate in miRNA processing and are the RISC effector proteins mediating mRNA degradation, destabilization, or translational inhibition (96) . Loss of endogenous Ago2 diminishes the expression and activity of mature miRNA. RISC, after binding with an mRNA target, accumulates in cytoplasmic foci (Pbodies) and stress granules.
Regulation of Target Gene Expression
The final function of miRNAs, regulation of gene expression, is directed by miRNA incomplete base pairing complementarity (in animals, normally sequence specific but imperfect and nonexclusive) to target sequences. These sequences are often located in the 3=-UTR of target mRNAs, but they can also be found in the 5=-UTR or the coding region. Recognition sites may be present in multiple copies in an mRNA sequence to enhance the effect on target gene expression (5) .
To date, more than 3,000 miRNAs have been identified in animals, plants, and viruses, including ϳ1,000 mature miRNAs in the human genome (34 -36, 56, 57) . miRNAs can be organized into families based on sequence homology and chromosomal location. The human miRNA genome is predicted to regulate up to 30% of mRNA transcripts (6) . Because of this bidirectional lack of exclusivity between miRNA and mRNA, as well as other miRNA targets such as decoy mRNAs and long noncoding RNAs, miRNA-related pathways exhibit significant regulatory complexity.
Together, the above data highlight the essential role of the miRNA biogenesis and suggest that each of these steps serves as a point of regulation and, therefore, provides additional complexity to miRNA-dependent gene regulation. The following sections will discuss the basic knowledge of cardiac development and regeneration and will examine the functions of specific miRNAs in the regulations of these processes.
BASIC DEVELOPMENTAL STAGES OF CARDIOGENESIS
Cardiac development is an intricate multistep process controlled by an evolutionarily conserved complex of genetic pathways and an extended network of transcriptional and posttranscriptional regulatory programs. Beginning mechanical function at day 22 of human embryogenesis to transport the oxygen and nutrients necessary for growth of other tissues and organs; the heart is the first organized and functioning organ in human and vertebrate animals. Therefore, many of the underlying mechanisms are developmentally conserved. In the human during the third week of development, the lateral plate mesoderm splits into two layers: the somatopleuric and splanchnopleuric. The last mesoderm layer contains the myocardial and endocardial cardiogenic precursors in the region of the primary heart fields. The major stages of human cardiac development are depicted in Fig. 2 . Briefly, precise signalingderived changes in cardiac gene expression initiate morphological cardiogenesis, including primordia migration, tube formation, looping, trabeculation, septation, valvulogenesis, and growth, to form the four-chambered heart (26, 78) . Despite increasing knowledge of the genes expressed during cardiac development, there are many interactions between genes and mechanical rearrangements during morphogenesis that remain unclear.
The heart is derived from multiple cell lineages and must differentiate into distinct regions according to function (26, 78) . The major embryonic regions involved in vertebrate heart development include the primary and secondary heart fields, the cardiac neural crest, and the proepicardium. The first heart field gives rise to the left and part of the right ventricles and atria, while the second heart field gives rise to the remaining parts of the right ventricle and atrium and the myocardium surrounding the great vessels and the outflow tract of the mature heart. In the first heart field, the main transcription factors for driving development of mesoderm into myocardium are as follows: Nkx2.5 (NK2 homeobox 5), GATAs (GATA family transcription factors), and tbx5 (T-box gene family member 5). Isl1 (ISL LIM homeobox 1), tbx1 (T-box gene family member 1), FGF-10, Lhx2 (LIM homeobox 2), and others play important roles in outflow tract formation in the second heart field (105). Currently, congenital heart disease (CHD) is present in 7-13 per 1,000 live births and affects ϳ1.4 million infants who are born each year worldwide with CHD, presenting a significant clinical problem (100). Molecular and genetic aberrations during embryonic cardiac morphogenesis, including loss of transcription factors, result in most forms of CHD caused by genetic etiologies. So, for example, atrial septal defect formation depends on GATA4, Nkx2.5, Tbx20 (T-box gene family member 20) , and tbx5. The discovery of miRNAs has added a new knowledge base of regulatory relations with the described-above transcriptional factors involved in cardiac development. For example, a knockout of Dicer allele using Nkx2.5-Cre ablated the processing of premiRNAs into their mature form and led to embryonic lethality (127) . Mice with Dicer deletion during epicardial development using GATA5-Cre die immediately after birth with profound coronary vessel defects (103) . The detailed roles of miRNAs in the process of cardiac development are investigated next.
miRNAs in Cardiac Development
See Table 1 . miRNAs shown to be involved in cardiac development are depicted in Fig. 2 , along with relevant genes or proteins and developmental stages. The critical role of miRNAs in cardiac development was first shown through loss of function mutations in the miRNA processing enzymes. Dicer is an ideal target to understand the global role of miRNAs because it is necessary for the processing of all miRNAs into mature products. Gene-targeting studies in mice revealed that Dicer is required for early embryogenesis and embryonic mesoderm formation (8) . Loss of Dicer in murine embryonic stem cells (ESCs) leads to a pronounced proliferation defect (82) . A knockout of Dicer precluded the processing of pre-miRNAs into their mature form in cardiac progenitors (128) and led to defects in heart development as well as embryonic lethality (127) . Additional support for a role of miRNAs in heart development was demonstrated when proliferation defects, similar to those found with Dicer, were observed with knockouts of DGCR8. Mice lacking DGCR8 in muscle tissue die prematurely with signs of heart failure and dilated cardiomyopathy (97) . Unlike Dicer, DGCR8-deficient embryonic cells do not fully downregulate pluripotency markers and still express some markers of differentiation (117) . Narrowing our discussion from stunting the function of all miRNAs, the role of specific miRNAs in cardiac development is discussed below.
According to expression profile analysis, 52 target genes of 16 miRNAs show association with congenital heart anomalies (122) . Gain and loss-of-function approaches have demonstrated important roles for the miR-15 family in heart development. The miR-15 family consists of six miRNAs, which are clustered on three separate chromosomes (miR-15a, miR- 16-1, miR-15b, miR-16-2, miR-195 , and miR-497) (28) . Inhibition of the miR-15 family was associated with the de-repression of a number of cell cycle genes in the heart and a persistence of CM Fig. 2 . The four major stages of human cardiac development, along with miRNAs known to play a role. Tbx5, T-box gene family member 5; ROBO1, roundabout axon guidance receptor, homolog 1; slit2, slit homolog 2; cspg2, chondroitin sulfate proteoglycan 2; Hand2, heart and neural crest derivatives-expressed protein 2; MEF2, myocyte enhancer factor-2; SRF, serum response factor; Bim, Bcl-2-like protein 11; BMP 2/4, bone morphogenetic proteins 2 and 4; ISL1, ISL LIM homeobox 1; TBX1, T-box gene family member 1; Chek1, checkpoint kinase 1; Thrap1, thyroid hormone receptor-associated protein 1; Myh6, ␣-myosin heavy chain; Myh7, ␤-myosin heavy chain; Myh7b, myosin heavy chain 7b; ADD3, adducin 3; FOG-2, zinc finger protein, friend of GATA family member 2; A, atrium; V, ventricle; CT, Conus truncus; RA, right atrium; LA, left atrium; AS, aortic sac; RV, right ventricle; LV, left ventricle; AVV, atrioventricular valve; Ao, aorta; PA, pulmonary artery. mitosis beyond the normal developmental window of cell cycle arrest (92) . The most highly upregulated member of the miR-15 family is miR-195. Cardiac-specific overexpression of miR-195 during embryogenesis is associated with cardiac malformations, including ventricular septal defect and right ventricular hypoplasia (92) . At the molecular level, the miR-15 family targets cell-cycle genes, including Chek1 (checkpoint kinase 1). Chek1 is involved in many functions during DNA repair and mitosis, including chromosome segregation, cytokinesis, and the prevention of genomic instability (90).
A number of myosin genes coexpress miRNAs, named MyomiRs (miR-208a, miR-208b, and miR-499) as introns with vital purposes in cell differentiation, including the direction of cardiac myosin gene expression. Myh6 (␣-myosin heavy chain) coexpresses miR-208a, Myh7 (␤-myosin heavy chain) coexpresses miR-208b, and Myh7b (myosin heavy chain 7b) coexpresses miR-499. miR-208a was shown to be required for cardiac growth and expression of the ␤-myosin heavy chain protein, the primary contractile protein of the heart (12). Both miR-208a and miR-208b, members of the miR-208 family, Target genes are as follows: ADD3, adducin 3; Akt3, protein kinase B␥; aldh1a2, aldehyde dehydrogenase family 1, subfamily A2; Bim, Bcl-2-like protein 11; Bmf, BCL2 modifying factor; BMP 2/4, bone morphogenetic proteins 2 and 4; CDK2, cyclin-dependent kinase 2; Cdk9, cyclin-dependent kinase 9; Chek1, checkpoint kinase 1; CRF, corticotropin releasing factor; cspg2, chondroitin sulfate proteoglycan 2; cyclin D2; FNTb, farnesyltransferase, CAAX box, ␤; FOG-2, zinc finger protein, friend of GATA family member 2; Gata4, GATA binding protein 4; Hand2, heart and neural crest derivatives-expressed protein 2; ISL1, ISL LIM homeobox 1; Klf4, Kruppel-like factor 4; MEF2, myocyte enhancer factor-2; Mef2c, myocyte enhancer factor-2c; Myh6, ␣-myosin heavy chain; Myh7, ␤-myosin heavy chain; Myh7b, myosin heavy chain 7b; myocardin; myostatin; Nkx2.5, NK2 homeobox 5; Oct4, octamer-binding transcription factor 4; OSKM, Oct4, Sox2, Klf4, Myc; PNUTS, phosphatase nuclear targeting subunit; Rbl2, retinoblastoma-like 2; ROBO1, roundabout axon guidance receptor, homolog 1; ROD1, regulator of differentiation 1; slit2, slit homolog 2; SMARCA5, SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A, member 5; Sox2, sex determining region Y-box 2; Sox6, sex determining region Y-box 6; SRF, serum response factor; SRT1, sirtuin 1; TBX1, T-box gene family member 1; Tbx5, T-box gene family member 5; Thrap1, thyroid hormone receptor-associated protein 1. iPS, induced pluripotent; CPC, cardiac progenitor cells.
target Thrap1 (thyroid hormone receptor-associated protein 1) and myostatin, important negative regulators of muscle growth. miR-208a and miR-208b are differentially expressed during heart development parallel to the expression of their respective host genes, Myh6 and Myh7. (12) . The third miRNA coexpressed by a myosin gene, miR-499, is encoded by intron-19 of the mouse Myh7b gene (73) . miR-499 plays a dominant role in the specification of muscle fiber identity by activating slow and repressing fast myofibril gene programs (111) . In an example of the complexity of miRNA regulation, cardiac-specific transgene expression was used to compare the consequences of wild-type and a rare mutant miR-499. The mutation was present at the 3= end of the mature strand, outside of the predicted major mRNA binding region. While both wild-type and mutant miR-499 induce heart failure in mice, the mutation in miR-499 resulted in a less severe phenotype. The mutation negatively impacted target mRNA binding and reduced mRNA silencing, suggesting that miRNA-mRNA binding is reliant on more than the main binding sequence (21) .
Muscle-specific miRNAs, especially the miR-1 family and the miR-133 family, have been found to be evolutionarily conserved in most animal species from Drosophila to humans, despite major differences in cardiac anatomy (17) . Primary sequences of mature miR-1 or miR-133a families are identical, and both gene families show similar expression patterns. The miR-1 and miR-133 families were demonstrated to be transcribed together (as a single transcript before processing into independent mature miRNAs) in a tissue-specific manner during development. Both of these miRNA families are expressed in the developing heart, and increased expression was found in neonatal mouse hearts (17, 31) . miRNA function in cardiac progenitors is necessary for cardiogenesis, and the disruption of just one of two miR-1 family members (miR-1-1 and miR-1-2) has profound consequences for the development and maintenance of the heart. Overexpression of miR-1-1 in Drosophila results in 100% embryonic death at various stages of development due to disrupted myoblast patterning (58) . Mice lacking miR-1-2 exhibit a spectrum of structural abnormalities leading to issues in the regulation of morphogenesis and in cardiac conduction (128) . miR-1-2 inhibits cardiac development by repressing expression of the Hand2 (heart and neural crest derivatives-expressed protein 2) transcription factor (127) . The miR-133 family represses the expression of SRF (serum response factor), an activator of myogenesis (17) . The MEF2 (myocyte enhancer factor-2) family of transcription factors was also shown to activate transcription of a bicistronic primary transcript encoding miR-1-2 and miR-133a-1, a miR-133 family member. MEF2 proteins are regulators of the transcriptional and posttranscriptional pathways that control cardiac muscle development. This is mediated by direct and indirect mechanisms, coordinating the regulation of mRNAs and miRNAs in the linear heart tube during embryogenesis and thereafter controlling transcription throughout the atrial and ventricular chambers of the heart (69).
The miR-17/92 cluster was initially reported as a human oncogene, or oncomiR-1, and consists of six miRNAs belonging to four miRNA families (miR-17, miR-18a, miR-19a,  miR-19b-1, miR-20a, and miR-92-1) processed from the same gene transcript. miR-17/92 cluster seed sequences are contained within the 3=-UTRs of cardiac progenitor genes, such as Isl1 and tbx1. In miR-17/92 cluster mutant embryos, Isl1 and tbx1 expression failed to be correctly downregulated. Genetic interaction studies provided evidence that the miR-17/92 cluster affects the differentiation of the second heart field (116) . Mice deficient in the miR-17/92 cluster die shortly after birth with lung hypoplasia and a ventricular septal defect. Absence of the miR-17/92 cluster miRNAs also leads to increased levels of the pro-apoptotic protein Bim (Bcl-2-like protein 11) and to inhibition of B-cell development at the pro-B to pre-B transition (114) . In bone morphogenetic protein mutant embryos, myocardial differentiation is delayed, and multiple miR-17/92 cluster miRNAs are reduced (116) . Transgenic mice overexpressing this cluster show overall organ growth retardation, as well as greatly reduced hematopoietic cell lineages. Evidence also supports the notion that overexpression of the miR-17/92 cluster causes cellular defects through repression of fibronectin expression (102) .
The evolutionarily conserved miR-138 family (including miR-138-1 and miR-138-2) helps establish the discrete domains of gene expression required for normal cardiac morphogenesis. This family represses cspg2 (chondroitin sulfate proteoglycan core protein 2) and atrioventricular canal-specific transcripts in the developing ventricle via regulation of a network of developmental signals. This contributes to CM maturation and helps to establish the distinct identity of cardiac structures (79) .
The miR-143 family is expressed robustly in progenitor cells of the cardiac crescent and highly in myocardial and endocardial cells of the linear heart tube in zebrafish (37) . It has been shown that this miRNA family regulates ADD3 (adducin 3), which encodes an F-actin capping protein. This pathway contributes to the correct formation of the ventricular architectures, suggesting that multiple cascades regulate chamber formation in the heart and that the heartbeat-dependent expression of the miR-143 family is necessary for normal development (20) . The authors hypothesize that the miR-143 family miRNAs act throughout the heart tube to limit the production of intracellular ADD3 protein and to promote the dissociation of ADD3 from F-actin, thereby allowing the cytoskeleton to be redistributed throughout the cell. In the absence of miR-143 family function, continued ADD3 production might overwhelm other modes of posttranslational regulation, leading to sustained ADD3-actin complex formation (13) . Knockdown of the miR-143 family miRNAs in zebrafish produces abnormalities in the outflow tracts and ventricles (75) .
The miR-218 family consists of three members (miR-218a-1, miR-218a-2, and miR-218b) and is conserved from humans to zebrafish. The miR-218 family host gene slit2 (slit homolog 2 protein), together with its ligands and Robo (roundabout gene family) receptors, is necessary for proper heart tube formation (29) . The miR-218 family is part of a regulatory circuit through which tbx5, a transcription factor mentioned earlier that mediates vertebrate cardiac development, controls heart morphogenesis. Tbx5 overexpression affects heart development in humans and mice, resulting in heart-looping defects and chamber abnormalities (67) . Through functional assays in zebrafish, it was demonstrated that there is correlated expression of tbx5 and the miR-218 family member miR-218-1. Furthermore, overexpression of tbx5 or downregulation of the miR-218 family negatively affects early heart morphogenesis. Interestingly, miR-218-1 downregulation rescues the cardiac defects generated by tbx5 overexpression (18).
The miR-130 family (including miR-130a and miR-130b) was shown to be involved in cardiac development via targeting of the transcriptional co-factor FOG-2 (zinc finger protein, friend of GATA family member 2). Analysis of transgenic embryos overexpressing the miR-130 family member miR130a revealed ventricular wall hypoplasia and ventricular septal defect (54) . These articles and more illustrate the vital, yet not fully understood, role of miRNAs in cardiac development.
As stated earlier, cardiac development is a period of high CM proliferation. The following section presents an overview of the major adult process of CM proliferation, cardiac regeneration.
CARDIAC REGENERATION
A number of nonmammalian vertebrate species, including amphibians, reptiles, and zebrafish, can regenerate the heart after myocardial injury throughout life (30, 85) . Multiple studies have demonstrated that a zebrafish can fully restore its heart in 30 days after up to a 20% loss of ventricular tissue. This regenerative process is primarily driven by preexisting CMs without scar formation, rather than by progenitor cells, as has been previously suggested (48) . Interestingly, after myocardial damage in zebrafish, the epicardium and endocardium respond with proliferation and reexpression of a variety of embryonic genes, such as tbx18 (T-box gene family member 18), wt1 (Wilms tumor 1), and raldh2 (retinaldehyde dehydrogenase 2) (52). CMs in the zebrafish heart are mononucleated and retain proliferative capacity throughout their life (121) . By contrast, the mammalian heart grows primarily via proliferation of CMs during all stages of embryogenesis and fetal development. Shortly after birth, many CMs undergo DNA synthesis without cell division; in mice, ϳ90% of CMs eventually become binucleated by undergoing mitosis up to, but not including, cytokinesis. Binucleated CMs are thought to be incapable of division, as polyploidy generally indicates terminal differentiation (66) . In humans, this proportion (percentage of CMs that are binucleated) is much lower, but the specific value is subject to debate (87) .
Due to this, it was long assumed that postnatal cardiac growth in mammals is primarily accomplished through the hypertrophy of CMs (112) . Studies in mice indicate that mammals retain regenerative ability after birth, including postmyocardial infarction (MI), and that miRNAs have emerged as important regulators of neonatal mice's heart regenerative capacity (66, 92, 93, 10) . Moreover, there is evidence that adult mammalian CMs can slowly self-renew at a rate of 1% of total CMs per year, declining with age. This renewal results in the exchange of ϳ50% of adult CMs in a human life span (3, 50) . Despite this, moderate to severe infarcts affecting 20 -40% of CMs do not fully heal. Interestingly, a thyroid hormone surge can activate the insulin-like growth factor-I/Akt (protein kinase B) pathway during the postnatal period in mice, initiating an intense proliferative burst of predominantly binuclear CMs. This proliferation increases CM number by ϳ40%, suggesting a retained capacity for stimulated proliferation after the normal developmental proliferative period (83) .
The source of new CMs has been attributed to both division of existing CMs (53) and to progenitors residing within the heart (71), as well as to exogenous niches, such as bone marrow (88) . Current evidence indicates that newly generated CMs arise from preexisting CMs through a process of proliferation and maturation (72) . These mechanisms are the primary means driving CM replenishment in the mammalian heart following diverse pathological processes (93) . However, basic aspects of the mammalian heart's capacity for self-renewal are still unclear (59) , and estimates of CM turnover vary widely in different studies (50, 115) .
A previous study summarized succinctly the current consensus on baseline cardiac regeneration in mammals (99).
1. CM DNA synthesis decreases with age.
2. New CMs are mostly derived from preexisting CMs during aging.
3. Many CMs undergo DNA replication without completing the cell cycle.
4. Myocardial injury stimulates division of preexisting CMs. 5. Cardiac progenitors do not play a significant role in myocardial homeostasis, and their role after injury is also limited.
The latter conclusion 5 is controversial and premature, as a number of studies have demonstrated the ability to isolate different types of cardiac progenitors from the heart (74) with their clonogenic and multipotent capacities shown in vitro in various animal models (4, 76) . While a detailed discussion about cardiac progenitors is beyond the scope of this review, it is likely that CM proliferation is normally a more important mediator of myocardial homeostasis and recovery from injury than progenitor cell differentiation. With this knowledge base in place, we will detail the approaches to enhancing cardiac regeneration.
miRNA and Cardiac Regeneration
See Table 1 . The weight of evidence has demonstrated that ESCs, progenitor cells, or reprogrammed cardiac cells can improve heart function in normal and pathological conditions (9, 47, 110) . Experience in this field, however, also revealed many challenges regarding the function, homing, survival, and differentiation of these cells (24, 71, 86) . Because miRNAs alter gene expression networks, an interesting strategy is to treat cells ex vivo before transplantation to improve the functional capacity of cells.
On the other hand, cardiac developmental growth is largely dependent on CM proliferation, and human CMs are able to proliferate during postnatal life (77) . Noncoding RNAs, especially miRNAs, have been shown to participate in cardiac regeneration by CM proliferation. We will begin by discussing the CM proliferation strategy and then move on to stem cells and reprogramming.
miRNA-based CM Proliferation
See Table 1 . The first of the three major strategies for cardiac regeneration therapy depicted in Fig. 3 is the induction of proliferation in mature CMs. Many early results in various fields suggest the proliferation-regulating effects of miRNAs (19, 64, 84, 120, 125) . miRNAs are involved in various aspects of cell cycle control in CMs, including postnatal maturation and terminal differentiation.
In vitro screening identified 204 miRNAs that increase rat neonatal CM proliferation more than twofold compared with CMs in basal conditions, and 331 miRNAs that decrease proliferation without affecting cell viability. The majority of miRNAs that enhance proliferation increase the number of CMs as well (27) . Numerous other studies have shown the role of specific miRNAs in CM proliferative capacity in vitro and in vivo.
Several studies revealed the essential roles of the miR-133 family (including miR-133a-1 and miR-133a-2) in CM growth and function. By a combination of gain-of-function and lossof-function experiments in adult zebrafish, data indicate that the miR-133 family acts as a brake within a circuit regulating regeneration (124) . Many phenotypic abnormalities of miR133a-1/miR-133a-2 null mice can be attributed to the upregulation of two specific mRNA targets encoding SRF and cyclin D2, important in CM growth and proliferation (68, 91) . CMs from miR-133a-1/miR-133a-2 double knockout mice show a 2.5-fold increase in proliferation assessed by phospho-histone H3 staining compared with wild type. Furthermore, diminished proliferation was found in response to transgenic overexpression of miR-133a-1 and miR-133a-2, indicating that these miRNAs function as inhibitors of CM proliferation in vivo (68) .
miR-195 (a member of the miR-15 family) was one of the most highly upregulated miRNAs examined during the postnatal period, with expression levels almost sixfold higher in ventricles at postnatal day 10 relative to day 1 (92) . This miRNA may be part of a vital regulatory mechanism governing CM cell cycle withdrawal and binucleation. miR-195 regulates the expression of a number of cell cycle genes, including Chek1, as mentioned previously (70, 124) . It is also implicated in the regulation of mitosis, where it coordinates progression through the G2/M checkpoint and can regulate chromosome segregation and cytokinesis (89) . Knockdown of the miR-15 family in neonatal mice with locked nucleic acid-modified anti-miRNAs is associated with depression of Chek1 and an increased number of mitotic CMs. miR-195 transgenic hearts show marked reduction (Ϸ3-fold) in the number of cells undergoing mitosis and an increased proportion of multinucleated CMs (Ϸ3-fold) at the early postnatal period. These data clearly indicate that postnatal upregulation of the miR-15 family in vivo inhibits CM mitotic progression and induces premature cell cycle arrest, contributing to postnatal cell cycle withdrawal (92) .
Members of the miR-1 family are critical mediators of cell proliferation and differentiation in cardiac muscle (113, 127) . The miR-1 family members miR-1-1 and miR-1-2 were shown to be expressed during cardiogenesis. Both genes are direct targets of SRF and its potent coactivator myocardin, and both Fig. 3 . The three major strategies for hyperplasic cardiac regeneration via miRNAs, along with miRNAs of interest in the field. CRF, corticotropin releasing factor; CDK2, cyclin-dependent kinase 2; Akt3, protein kinase B␥; FNTb, farnesyltransferase, CAAX box, ␤; SMARCA5, SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A, member 5; Nkx2.5, NK2 homeobox 5; Sox6, sex determining region Y-box 6; ROD1, regulator of differentiation 1; Sox2, sex determining region Y-box 2; Klf4, Kruppel-like factor 4; OSKM: Oct4, Sox2, Klf4, Myc.
are involved in the negative regulation of ventricular CM proliferation through targeting of the Hand2 mRNA (128) . It was revealed that the expression of miR-1 is induced by myocardin (cardiac muscle-specific transcription factor) in human smooth muscle cells, and that miR-1 mediates the inhibitory effects of myocardin on smooth muscle cell proliferation (16) .
The miR-29 family miRNAs (including miR-29a, miR-29b, miR-29c) are highly conserved among different species. It has been reported that miR-29a is involved in many physiological proliferative processes. Some studies indicate that miR-29a promotes progenitor proliferation through expediting G1 to S/G2 transitions (39) . Other studies have found the opposite; transfection of neonatal rat CMs with miR-29a showed that miR-29a overexpression decreases CM proliferation. Quantification of Ki-67-positive CMs (indicative of a proliferative state) revealed a threefold increase at 48 h after miR-29a inhibitor transfection compared with control transfection. The authors found decreased expression of two cell cycle-specific proteins, cyclin D2 and CDK2 (cyclin-dependent kinase 2), in miR-29a-transfected CMs (14) . Overexpression of the miR-29 family inhibited mouse C2C12 myoblast cell line proliferation and promoted myotube formation. The miR-29 family specifically targeted Akt3, a member of the serine/threonine protein kinase family responsive to growth factor cell signaling, for posttranscriptional downregulation (118) . These findings indicate that the miR-29 family is involved in regulating CM proliferation during postnatal development, although more research is needed to clarify its role.
To test the hypothesis that miRNAs can induce reentry into the cell cycle of fully differentiated cells, CMs from adult rats were transfected with the miR-590 family and miR-199a (of the miR-199 family). These treatments led to an increase in the number of CMs by up to 20% (27) . These important and exciting findings demonstrate that these miRNAs are able to induce proliferation of postnatal CMs. AAV9 vectors expressing the miR-590 family or miR-199a were injected intraperitoneally in neonatal mice. At 12 days after injection, the number of mitotic CMs was significantly increased compared with AAV9 control. Next, adult mice (8 -12 wk) underwent left anterior descending coronary artery ligation and injection of AAV9 expressing the miRNAs in the peri-infarcted area. At 60 days after delivery, confocal microscopy revealed that most of the CM nuclei belonged to mature CMs, well integrated and with loose myocardial structure, indicative of active proliferation after treatment (27) .
Using miR-17/92 knockout and transgenic mice, it was demonstrated that the miR-17/92 cluster is sufficient to induce CM proliferation. The hearts of transgenic mice are enlarged, with increased heart-to-body weight ratio and no histological evidence of CM hypertrophy. It was concluded that the increase in CMs results from an increase in proliferation in embryonic, postnatal, and adult hearts (15) . Overexpression of the miR-17/92 cluster was also shown to protect the heart from MI-induced injury. In addition to improvements in echocardiographic functional data, a marked increase in EdU incorporation (indicative of proliferation) in the CMs of the border zone is found with miR-17/92 cluster administration. PTEN (phosphatase and tension homolog), a member of family of protein tyrosine phosphatases, is one of the miR-17/92 cluster functional targets that mediate the function of this cluster to regulate proliferation (15) . These recent studies yielded extremely promising results, supporting the hypothesis that miRNAs may be used to replenish lost CMs through CM cell cycle control in animals and possibly humans.
After amputation of ventricular apex of zebrafish, two miRNA families (the miR-99 family and the Let-7a/c family) were found to be significantly downregulated during regeneration. A mechanistic link was established between the identified miRNAs and their targets SMARCA5 (SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A, member 5) and FNT␤ (Farnesyl transferase, ␤-subunit). Overexpression of either protein (the opposite of the effect of the miRNAs) resulted in mammalian CM dedifferentiation and induction of proliferation. Importantly, following MI creation in a murine model, intracardiac delivery of AAV encoding anti-miR-99 or anti-Let-7a/c significantly improved functional heart parameters. These and other data have shown that these two miRNAs are critical regulators of cardiomyogenesis and heart regeneration and explored the therapeutic potential of miRNA (1) . The remaining regenerative strategies seek other sources of new CMs.
miRNA-based Stem Cell Differentiation and Cell Reprogramming
In the context of cardiac regeneration, stem cell differentiation seeks to induce various types of stem cells to take on a CM phenotype. Cellular reprogramming involves transforming one adult cell type into another. These two closely related fields comprise the second and third strategies depicted in Fig.  3 . We will begin with stem cell differentiation before discussing cellular reprogramming, and, finally, we will discuss induced pluripotent (iPS) cells.
The miR-1 and miR-133 families have been shown to be enriched in ESC-derived CMs and are expressed at the early stages of cardiac mesoderm selection from ESC. Overexpression of either of these miRNA families in ESCs results in enhanced mesoderm gene expression in embryoid bodies, as well as suppressed differentiation into the ectodermal or endodermal lineages. Interestingly, the families had opposing effects on differentiation into cardiac muscle progenitors, with the miR-1 family promoting and the miR-133 family blocking differentiation (43) . Controversially, other studies have shown that miR-1 family overexpression reduces the expression of cardiac markers in mouse ESC. In these studies, the levels of these miRNA families were increased during spontaneous myocardial differentiation, but reduced during induced differentiation accomplished via histone deacetylation inhibition (107) . Another study found that the miR-1 and miR-133 families are rapidly and progressively upregulated during in vitro differentiation of adult cardiac progenitor cells (CPCs). Overexpression of the miR-1 family enhanced the cardiac differentiation of CPCs, whereas overexpression of the miR-133 family did not modulate this process. On the other hand, the miR-133 family protected CPCs against apoptosis (44) . These data represent important subtleties and controversies in miRNAs' role in cardiac stem cell differentiation. The overexpression of miR-1 or miR-133 by lentiviral infection also reduced the expression of a cardiac-specific gene, Nkx2.5, during differentiation of ESCs (107) . Despite these niche results showcasing the complexity of miRNA signaling, miR-1 drives CM differ-entiation in transplanted ESCs, ultimately giving rise to enhanced cardiac repair, regeneration, and function in post-MI hearts (32) . miRNA levels are highly regulated in cultured and differentiated cardiac-derived human CM progenitor cells, with miR-1 family and miR-499 expression being significantly higher in differentiated human CM progenitor cells (105) . Expression of miR-499 in human cardiac stem cells represses the target genes SOX6 (sex determining region Y-box 6) and ROD1 (regulator of differentiation 1), enhancing differentiation to CMs in vitro. This miRNA also enhances stem cell differentiation into CMs and potentiates the restoration of myocardial mass and function in the infarcted heart (41) .
Pursuing the hypothesis that the miR-17/92 cluster is involved in cardiac differentiation, quantitative PCR analysis demonstrates a more than twofold increase in the expression of all members of the miR-17/92 cluster in neonatal CPCs compared with adult CPCs. Specifically, it was suggested that the reexpression of miR-17/92 in adult CPCs might increase their proliferative potential (104) . In addition to stem cells, researchers seek to convert differentiated cells into CMs.
Cellular reprogramming of fibroblasts into specific cell types without passing through a progenitor state offers an alternative approach for cardiac regeneration. Cardiac fibroblasts comprise over 50% of all of the cells in the heart (13) . If it were possible to reprogram the resident fibroblasts into beating CMs, these endogenous cardiac fibroblasts would be an exciting potential source of new CMs (42) . miRNAs are capable of inducing expression of cardiac markers in fibroblasts and also are efficient at converting the fibroblasts into cells with functional properties characteristic of CMs (such as L-type channel expression, spontaneous calcium oscillations, and contractility) (106) .
The miR-1 family alone is sufficient to induce a degree of cardiac reprogramming, but its effects are dramatically enhanced in combination with miR-133a, miR-208a, and miR-499. Notably, this combination of miRNAs did not change the total number of reprogrammed cells found with the miR-1 family alone, but rather enhanced the maturation of converted cells (45) . The same combination of miRNAs was later shown to significantly increase the number of reprogramming-related events in vivo, including expression of CM markers, sarcomeric organization, excitation-contraction coupling, and initiation of action potentials characteristic of mature ventricular CMs. Reprogramming is associated with improvement of cardiac function, indicating that correctly applied miRNA combination therapy may promote functional recovery of damaged myocardium (46) .
The transformation of differentiated cells to iPS cells added a powerful new tool in stem cell biology, especially for regenerative therapy. This technique represents a fusion of the stem cell differentiation and reprogramming fields; iPS cells are reprogrammed from adult cells into stem cells and then differentiated into CMs as other stem cells would be. miRNAs can be powerful tools for mediating iPS cell reprogramming. A subset of miR-290 cluster (miR-291-3p, miR-294, and miR-295) miRNAs have been shown to enhance iPS reprogramming in the presence of the transcription factors Klf4 (Kruppel-like factor 4), Oct4 (octamer-binding transcription factor 4) and SOX2 (sex-determining region Y-box 2) (49). This study excluded cMyc (Myc proto-oncogene) from the normal OSKM (Oct4, Sox2, Klf4, Myc) reprogramming factor combination, as cMyc binds the promoter of these miRNAs, and they are thought to act as downstream effectors of cMyc. Furthermore, overexpression of the miR-302/367 cluster can directly reprogram mouse and human fibroblasts to a pluripotent stem cell state in the absence of exogenous transcription factors. Reprogramming by the miR-302/367 cluster is up to two orders of magnitude more efficient than with the OSKM factors (2) . A greater understanding of the role of miRNA in differentiation and reprogramming could lead to major advances in cardiac regeneration and stem cell research.
CONCLUSION
Our knowledge concerning the heart changes constantly. The heart is a dynamic organ capable of significant remodeling and hypertrophic growth in response to the hemodynamic stress and neuroendocrine signaling associated with changed workloads or chronic cardiovascular disease. The belief that the heart is a postmitotic, non-regenerating organ has changed as well. Regeneration of the human heart is an incredibly important challenge, given the magnitude of heart disease and the absence of effective long-term therapies. The adult mammalian heart cannot efficiently generate new cardiac muscle cells without treatment. This limits the adaptive response to chronic hemodynamic stress. A safe, efficient strategy that increases myocardial mass through CM number rather than cell size would potentially be of immeasurable benefit. There have been many advances in our understanding of the genes and signaling pathways involved in cardiac regeneration, but the overall complexity of these processes suggests that additional regulatory mechanisms remain to be identified (109) . The cellular processes and regulatory mechanisms involved in cardiac development during embryogenesis must be compared with mitotic signaling pathways involved in postnatal heart growth and cell cycles.
Two primary sources of new CMs exist in adult mammals: 1) conversion of stem cells or differentiated cells into CMs; and 2) cell cycle reentry and proliferation of mature CMs. It is quite possible that the sufficient restoration of functional heart tissue will necessitate a combination of these approaches. Numerous research studies have demonstrated that miRNAs are deeply involved in the regulation of CM proliferation, in stem cell differentiation and maturation, and in cell reprogramming. In addition, promising recent studies have shown success of regenerative miRNA-based therapy in animal models (15, 27, 41, 46) . Significant challenges to the development of a CM proliferation-based therapy include the low proportion of mononucleated CMs with regenerative potential in the adult mammalian heart, developmental differences between research models and humans, and a lack of data regarding the mechanisms of terminal differentiation. In addition, many issues must be resolved before the resident stem cells of the heart or iPS cells can be clinically induced to differentiate into CMs: doubts regarding the maturity and functional heterogeneity of stem cell-derived CMs, low survival and retention, selection of an appropriate cell source, suboptimal efficiency of cell differentiation toward cardiac lineages, and the potential for oncogenesis (40, 81, 94, 123 ). For cell reprogramming, similar issues remain: low reprogramming efficiency, low survival, question-able cell maturity (bad contractility-contraction, reproducibility is difficult), and an unknown mechanism (23, 42) . Despite these concerns, the results of these fields are extremely promising, especially with miRNAs.
miRNAS have emerged as new therapeutic targets due to their involvement in the pathogenesis of many cardiovascular diseases via cell differentiation, migration, proliferation, and apoptosis. Due to the 5= end-restricted complementarity to mRNA targets, miRNA-based therapy can regulate cellular processes in multiple signaling pathways through nonexclusive mRNA target recognition. This is a main advantage of miRNA compared with other molecular treatments, as one miRNA can affect multiple target genes in a diverse disease. Moreover, miRNA is present in the blood and can be packaged in microparticles (109) and may function as mediators of cell-to cell communication (126) . However, the therapeutic feasibility of miRNA as a target depends on several key issues, including determination of the normal expression level of the miRNA, identification of tissue and cell-specific delivery mechanisms, and avoidance of off-target effects on other miRNAs.
